A thermophilic methanogen was isolated from enrichment cultures originally inoculated with sludge from an anaerobic kelp digester (55°C). This isolate exhibited a temperature optimum of 55 to 60°C and a maximum near 70°C. Growth occurred throughout the pH range of 5.5 to 9.0, with optimal growth near pH 7.2. Although 4% salt was present in the isolation medium, salt was not required for optimal growth. The thermophile utilized formate or H,-CO but not acetate, methanol, or methylamines for growth and methanogenesis. Growth in complex medium was very rapid, and a minimum doubling time of 1.8 h was recorded in media supplemented with rumen fluid. Growth in defined media required the addition of acetate and an unknown factor(s) from digester supernatant, rumen fluid, or Trypticase. Cells in liquid culture were oval to coccoid, 0.7 to 1.8 p.m in diameter, often occurring in pairs. The cells were easily lysed upon exposure to oxygen or 0.08 mg of sodium dodecyl sulfate per ml. The isolate was sensitive to tetracycline and chloramphenicol but not penicillin G or cycloserine. The DNA base composition was 59.69 mol% guanine plus cytosine.
bacteria in these systems. In 1928, Coolhaas (6) reported the utilization of formate, acetate, and higher fatty acids as substrates for methane production by enrichment cultures incubated at 60°C. The first axenic culture of a thermophilic methanogen was the H2-oxidizing Met hanobacteriiin thermoautotrophicum reported by Zeikus and Wolfe in 1972 (33) . Strains of this species were isolated from other thermophilic anaerobic environments (18, 19, 31) . Two other thermophilic strains of Methanobacterium were reported and partially characterized (14) . The only acetate-utilizing thermophilic methanogen in axenic culture, Methanosarcina sp. strain TM1, was isolated from a 55°C anaerobic digester (34) . Recently, an extreme thermophile, Methalnotherinls fe!ridus, was isolated from an Icelandic volcanic hot spring (23) . This rodshaped methanogen utilized H2-CO2 and had a temperature optimum near 83°C.
We describe here the isolation and characterization of a previously unreported thermophilic H2-CO2-and formate-using methanogen. This work was presented in part at the 1982 meeting of the American Society for Microbiology (T. J. Ferguson and R. A. Mah, Abstr. Annu. Meet. Am. Soc. Microbiol. 1982, 198, p. 110).
MATERIALS AND METHODS
Inoculum. A thermophilic anaerobic digester was established by introducing 2 liters of raw ground sea kelp (Macrocystis pyrifera) into a 3-liter flask connected to an acid-brine reservoir as previously described (34) . The pH was adjusted to 6.7 to 7.2. The vessel was incubated at 55°C for several weeks before methane was produced. It was then batch fed at approximately weekly intervals. The pH was maintained near 7.0 by the addition of NaOH. Acetate enrichments were initiated by using sludge from this digester.
Culture methods. The anaerobic techniques of Hungate were used throughout these investigations (10 The medium was mixed and boiled under 02-free N2 for 5 min after the reduction of resazurin and cooled for 10 min at room temperature under N2. The flask was stoppered and transferred to an anaerobic glovebox; 30-ml portions of media were dispensed into 120-ml serum vials (Wheaton Scientific Co., Millville, N.J.) with a Repipet Junior (Labindustries, Berkeley, Calif.) dispenser. The vials were stoppered with butyl rubber closures (Bellco Glass, Inc., Vineland, N.J.) and removed from the glovebox. The serum vials were outgassed for 3 min with N2-C02 (70:30) and sealed with aluminum crimp seals (Wheaton). After autoclaving and before inoculation, the serum vials were injected with 0.30 ml of 1% Na2S * 9H20 and 0.30 ml of 10% Na2CO3. The final pH of the media was 6.9 to 7.1. Roll tube media were prepared in the same manner, dispensed into Pyrex culture tubes (Bellco) in 4.5-ml quantities, and sealed with no. 00 butyl rubber stoppers (Arthur H. Thomas Co., Philadelphia, Pa.). The tubes were outgassed with N2-CO for 1 min and autoclaved in a culture tube press. After the media were autoclaved and before inoculation, 0.05 ml of 1% Na2S -9H20 and 0.05 ml of 10% NaXCO3 were added to obtain a final pH near 7.0.
KS and RF. Kelp digester effluent was clarified by centrifugation (10, Regression analyses (linear, exponential, logarithmic, and power) were obtained by using a four-curve regression analysis program provided by Texas Instruments (PPX59-208011). Radioactivity was followed by using the gas chromatographic-gas proportional counting technique as previously reported (4) . DNA base composition. Whole-cell DNA was extracted and purified by the method of Price et al. (17) . The buoyant density of the purified DNA was determined by ultracentrifugation in a cesium chloride gradient (17 
RESULTS
Isolation of thermophilic methanogens. Thermophilic acetate enrichment cultures were initiated by inoculating complex KS liquid medium (20 mM sodium acetate) with sludge from the 55°C anaerobic kelp digester. After 1 week of incubation at 55°C, both H2 and CH4 were detected in the headspaces of these enrichments, and microscopic examination of samples revealed numerous nonfluorescent rod-shaped and filamentous bacteria. Fluorescent Methanosarcina-type clumps surrounded by fluorescent coccoid bacteria were also present. The cocci were so small that they were difficult to distinguish without epifluorescence microscopy. The Methanosarcina sp. was eventually isolated in complex acetate medium by using the antibiotic roll tube technique of Zinder and Mah (34) . It utilized acetate but not H2-CO2 for methanogenesis and closely resembled Methanosarcina sp. strain TM1 in morphology (34) .
The coccoid organism was isolated by picking and diluting fluorescent colonies from H2-CO2 roll tube dilutions from the original acetate enrichments. The UV fluorescence technique of Edwards and McBride (8) , as modified by Doddema and Vogels (7), facilitated identification of methanogenic colonies in roll tubes. Colonies of the thermophilic methanogen were observable after 12 to 30 h of incubation. An axenic culture was isolated from these dilutions in H2-CO2 roll tube media without the addition of antibiotics. Culture microscopic examination of liquid cultures, examination of colonies present in roll tube dilutions, and by inoculation of anaerobic and aerobic glucose-supplemented nutrient broth incubated at 55°C. Stock cultures were inoculated into liquid KS media pressurized to 20 to 30 lb/in2 with H2 and incubated at 55°C without shaking. Stock liquid cultures were transferred at 24-to 48-h intervals, and culture purity was checked periodically through roll tube dilution and inoculation of glucose-supplemented anaerobic nutrient broth.
Morphology of the H2-oxidizing methanogen. In pure culture, colonies of the methanogen were small (1 to 3 mm in diameter), convex, white to tan in color, and smooth with entire margins. These colonies fluoresced blue-green at 420-430 nm and were enumerated by microscopic examination of the agar roll tubes. When wet mounts of whole colonies were examined under epifluorescence microscopy, individual cocci with an average diameter of 0.7 to 1.8 ,um ( Fig. 1) were observed. In liquid media, the cells frequently occurred in pairs and were oval to short rods or coccobacilli. The coccobacilli were feebly motile in wet mounts, but motility rapidly diminished upon exposure to air. A well-defined cell wall was evident in transmission electron micrographs of the isolate, but no flagella were observed (Fig. 2) FIG. 3 . Growth and methane production versus temperature. H2-CO2 complex RF medium was incubated without shaking for 24 h at the temperatures indicated. The increased absorbance at 80°C may be due to factors other than microbial activity, since no methane was produced and cultures were not contaminated.
cause the cells were extremely fragile and lysed when heat fixed. Lysis also occurred upon exposure to sodium dodecyl sulfate at a relatively low concentration (80 mg/liter).
Optimal growth conditions. Methane production closely approximated optical density (Fig.  3 ) and direct counts with a Petroff-Hausser counting chamber cell (see Fig. 7A ). The thermophilic isolate had an optimum growth temperature near 60°C and a maximum near 70°C. The optimum pH for growth was about 7.2, although growth occurred throughout the pH range tested (Fig. 4) . Although 3% salt (2% KCl and 1% NaCI) was included in most media, a high salt concentration was not required, since the isolate grew in RF media without added salt after a short adaptation period (Fig. 5) .
Growth requirements. Although excellent growth on H2-CO2 was observed in complex medium containing RF, poor growth occurred in defined medium without RF. Nutrient requirements of the thermophile were studied by observing growth in defined medium supplemented with various nutrient additions. The results (Table 1) indicated that the addition of acetate to the defined medium supported growth equivalent to that on complex media. However, it was not possible to transfer such acetate cultures more than twice in succession on defined medium. Thus, acetate alone was not sufficient to support continued growth in defined medium. Since growth was observed in medium supplemented with yeast extract and Trypticase, growth kinetics were examined in defined media supplemented with Trypticase, yeast extract, RF, and vitamins (Fig. 6 ). Growth in yeast extract and Trypticase medium was usually exponential for 12 to 24 h, followed by linear growth until exhaustion of substrate. The addition of a vitamin solution had little or no effect. RF at a concentration of 5% was highly stimulatory. Trypticase alone was as stimulatory as Trypticase and yeast extract mixtures. The factor from Trypticase which supported growth in defined media was not identified, but it was not one of the amino acids or peptides found in vitaminfree Casamino acids, peptone (Difco), neopeptone, or proteose peptone, since none of these supported growth. The data in Table 2 when exponentially growing inocula were used (Fig. 7) . Generation times varied from 2.5 to 3.5 h, but values as low as 1.8 h were obtained on H2-CO2 in complex RF medium. A methane production rate of 39.3 nmol/min per ml was calculated for a 1-liter shake flask pressurized with H, (above the amount of 70% N2-30% CO2 initially present) and incubated at 55°C. When 14CO, was added to a formate-utilizing culture under 70% N2-30% CO2, the final specific activity of 14CO2 was the same as the specific activity in '4CH4 at the exhaustion of the formate substrate. Thus, methanogenesis from formate by the thermophilic isolate most likely occurred via reduction of CO, with reducing equivalents derived from formate.
Effects of oxygen, antibiotics, and sulfide on growth and methanogenesis. The effect of oxygen on methanogenesis from H2-CO2 was studied by adding various amounts of 02 to active cultures.
Even at the lowest concentration tested, 4.1 pLmol of 02 per 120-ml vial, methane production and growth were completely inhibited. This inhibition was partially reversed by outgassing with N2 and regassing with H,-CO2. When 4.1 or 20.5 pumol of 02 was added to the 120-ml vials, the oxidation-reduction indicator (resazurin) remained reduced, and there was no indication that the medium was oxidized sufficiently to prevent growth of the methanogen. Even though the resazurin was not oxidized, the Eh of the medium could be high enough to prevent growth of obligate anaerobes.
Due to the unusual composition of the archaebacterial cell wall (1, 16) A growth temperature optimum of 60°C and limited methane production below 50°C indicated that the coccobacillus is an obligate thermo- (13, 30, 34) , and only one is thermophilic (34) . The two recently reported strains of thermophilic methanogenic bacteria which utilized H2-CO2 and formate (14) resembled M. (33) .
Generation times for the thermophilic coccobacillus on H2-CO in complex media were 1.8 to 3.2 h. M. thermnoautotzrophicuiin YTB had a generation time of 2.5 h (31) in complex medium compared to 5.0 h in defined medium (25, 33) . These generation times are three to six times faster than those reported for most mesophilic methanogens (9, 32) . except Methaniococcus iloltae, which exhibited a generation time of 1.2 h (28).
Generation times on formate (Fig. 7B) were very similar to those on H,-CO, (Fig. 7A) H, formation from formate was also reported in MA. lvannielli (22) , Methanobacterium iniobilis (15) , and Methanobacterium ftonmicicumn (20) .
However, although H, may be produced from formate, it is probably not an obligate intermediate, since the K,,, for H, oxidation was much higher than the dissolved H, concentration of the formate culture medium (20) . Thus, the mechanism of methanogenesis from formate is still unknown.
The thermophilic isolate was sensitive to the same antibiotics as other methanogenic isolates (11, 16) . Chloramphenicol was completely inhibitory at the concentration tested, but inhibition by tetracycline diminished after approximately 8 h of incubation at 55°C. Penicillin G and cycloserine, inhibitors of peptidoglycan synthesis, were not effective at the concentrations tested. Similar results were reported for other methanogenic bacteria (11, 16) and may be attributed to the lack of peptidoglycan in the cell wall (1) .
Growth of the thermophilic methanogen was inhibited by exposure to 0.10% 02 in the gas phase compared to 0.03% 02 for Methanobactermiii/ni ruminantium (21) Very short rods to cocci, 0.7 to 1.8 [Lm in diameter, often occurring in pairs but not chains, were seen. Gram staining was inconclusive due to the fragile nature of cell wall.
Small (1 to 3 mm) colonies grew; they were white to tan in color, circular, convex with entire margins, and smooth. Cultures formed colonies within 18 to 30 h of incubation which were highly fluorescent (420 to 430 nm).
The isolate is thermophilic, with an optimum near 60°C, a maximum slightly above 65°C, and a minimum below 35°C.
The optimum pH for growth is near 7.2, with growth throughout a pH range of 5.5 to 9.0.
The DNA base composition was 59.69 mol% guanine plus cytosine.
There was no immunological reaction with the S probe (5): the R probe (5) This research was supported in part by grant C820101 from the Gas Research Institute and a grant from the U.S. Department of Energy (DE-AT03-80ER10684).
